We summarize the evidence for multiple pathways to initiate phage T4 DNA replication. In any infecting chromosome, leading DNA strands can be primed from pre-replicative transcripts, independent of primase activity, at one of several origins. Within each origin region, there are multiple RNA-DNA transition sites. However, the priming potential at each single site is very low. Our results suggest that origin transcripts can become primers for leading strand DNA synthesis without being processed, but that a promoter-proximal segment of each origin transcript plays an important structural role, as a proposed wedge, in the transition from RNA to DNA synthesis. Two recombination-dependent pathways render subsequent phage T4 DNA replication independent of transcription. The first of these requires proteins that are synthesized during the pre-replicative phase of infection. It is active as soon as the first growing points, initiated at origins, have reached a chromosomal end. The other one requires at least one iate protein: endonuclease VII, a resolvase that cuts recombinational junctions. The latter pathway can bypass primase deficiencies by allowing retrograde DNA synthesis without Ol~azaki pieces. We discuss the integration of these multiple and redundant pathways into the developmental program of 1 ['4. Competition between these initiation mechanisms and with other DNA transactions allows for integration of replicalion controls with transcription, recombination and packaging of the DNA.
Introduction
Regulation of DNA replication, a fundamental process of all living organisms, requires efficient means to adapt to different environments and to to multiple specific sites, so-called iterons [1] . Specific DNA-protein interactions may be augmented by non-specific DNA binding proteins in a chaperone-like fashion [5] . Active transcription can promote unwinding of DNA without requiring iterons, either directly or as a consequence of supercoiling that RNA polymerase can generate in its wake [1] [2] [3] .
RNA primers can be synthesized by specialized primases, or by RNA polymerases that are also used in transcription. In two well-studied systems which use transcripts made by RNA polymerases, i.e. ColE1 and mitoehondrial DNA, the primary transcripts need to be processed; secondary structures in prir~er precursors have been shown to be important to allow correct processing by certain RNases [6] [7] [8] [9] . Imitially, RNA primers remain covalently linked to the mascent DNA strands at the priming sites which thereby become transition sites in co-polymers, ~her~e RNA and DNA chains are covalently linked. E~remtaally, the RNA moiety is digested by RNase H ~ctivities and the gapped DNA is filled in by DIq~ polymerases. As soon as the first growing point reaches an end (only one is skc3wn), the partially single-stranded 3' terminus of the replicative intermediate invades the homologous region of another chromosorae (g) (or the terminal redundancy of the same chromosome). DNA replication initiated from the invading 3' DNA end generates branched eon,oatemers, which become more complex as the process is reiterated. Synthesis of Okazaki pieces on displaced strands is primed by prinaaso (g, h). If primase becomes limiting after infection or due to mutations, the displaced strands remain single-stranded (i) and the3J (am invade homologous regions. If endonuclease VII cuts at the recombinational junctions, DNA synthesis can be primed from the 3' end gen,erated by that enzyme in the invaded strand, to copy the displaced strand (k). Not all possible cuts can be used for that purpose. Compezitively, the DHA is packaged, if empty heads and terminase (gpl6 and gplT) are present. Parental molecules are drawn as bold lines, filled with different patterns. Newly synthesized DNA is drawn as thin lines in the same pattern. Discontinuous synthesis by Okazaki pieces is indicated by dashed lines, continuous synthesis by solid lines. Arrowheads indicate the directions of RNA or DNA synthesis. )~,iodkfied from Primers can also be DNA ends generated by site-specific nicks or from intermediates of recombination [1] . In many DNA viruses, proteins bound to chromosomal ends can serve as primers [10] .
These primers are subsequently recognized by DblA polymerases, essential components of basic replisomes that copy DNA with high fidelity and proeessivity [1, 2, 4] , The pioneering work of Alberts' and Nossal's groups characterized structures and architecture of T4 replisomes and physical interactions between the components in exquisite detail, in spite of the instability of T4 replisomes [4, 58, 59] . The general validity of the concept of replisomes as molecular machines [58] has been corroborated by many experimental results obtained in other organisms and by the evolutionary conservation of replisome components [1] [2] [3] [4] 11, 59] . The physiological importance of the interactions is supported by genetic analyses [12] .
The remarkable diversity of initiation mechanisms is in stark contrast to (and perhaps allowing for) the evolutionary conservation of basic replisomes. Each of the many initiation mechanisms has been characterized as the predominant one in certain replicons [1] . However, there is increasing evidence that the same organism can use different, redundant initiation mechanisms under different conditions [2] . The potential to use different initiation modes may contribute to the resiliency of an organism to respond to DNA-damaging agents, different environmental conditions or physiological changes related to development. The assignment of one of the pathways to be the 'major' one might depend on the experimental conditions. Therefore, complexities and apparently contradictory results are expected, even though they are distressing to any investigator.
Here we discuss the integration of multiple and redundant DNA replication initiation pathways into the developmental program of phage T4.
Multiple initiation modes in phage T4 are related to its developmental program
Bacteriophage T4 can serve as a prime example for the importance of having available different modes to initiate DNA replication. Different pathways are used in response to changing transcription patterns during development and to the need to optimize packaging of the DNA into virions [12, 13] . We summarize these aspects in the context of the diagram shown in Fig. 1 .
The total T4 genome comprises about 168800 bp [14] . In contrast to the lambdoid phages, genes ,whose products are functionally related are clustered on the T4 map to only a limited extent. Early and late genes, gene clusters and transcription units are interdigitated, and the different timing of expression of pre-replicative early and middle versus late genes depends on both transcriptional and translational regulatory mechanisms [12, 13] . Remarkably, in spite of the large genome size and the apparent redundancy of many gene functions, T4 genes and ORFs are tightly packed. Only a few short regions are devoid of coding capacity [14] . There are many overlapping coding regions. In a few cases, e.g. in the replication origin E region described below, the two compl.ementary DNA strands code for different proteins. Two properties of the T4 chromosomes are especially important in the context of the following discussion. First, the ends of individual chromosomes are nearly, but not completely randomly permuted over the circular map (Fig. 2) . Second, mature T4 virions contain linear, double-stranded DNA molecules of about 173000 bp. The difference between this size and the genome size is due to the fact that most individual T4 chromosomes contain, in addition to a complete genome, 3000-5000 bp which are repeated at the ends as so-called terminal redundancies. The terminal redundancy is sufficiently large to allow homologous recombination between the terminal regions of a single chromosome, allowing successful infection of a host cell by a single T4 particle.
Most T4 DNA replication and recombination proteins are encoded by the phage genome [ size the primers for leading strand synthesis which does not require primase ( [15] [16] [17] , and results discussed below). To appreciate the importance of different replication initiation modes, one has to consider the changes in host RNA polymerase structure and function during T4's development. Host core RNA polymerase is used throughout to transcribe different classes of T4 genes, but it is sequentially modified by T4-encoded functions. The t~-subunits are adenosyl-ribosylated, and several T4-encoded accessory proteins associate with and modify the core RNA polymerase, altering its initiation and termination capacity [18, 60, 61] .
Transcription prior to the onset of DNA replication (so-called pre-replicative transcription) is initiated from early or middle promoters. Both classes of promoters require the host's o-7°; early promoters can be recognized by unmodified host RNA polymerase [60] . The -10 regions of early and middle promoters are similar, but the -30 to -35 regions are different. Activation of middle promoters requires binding of the T4 MotA protein to motA boxes, which 'substitute' for the -35 region of other o-7°-dependent promoters. Transcription from middle promoters depends on prior modification of the host RNA polymerase; the T4 Asia protein (an anti-sigma factor) is particularly important [61, 62] . Pre-replicative transcripts code for replication and recombination proteins and serve as primers for origin-initiated T4 DNA synthesis, as described below.
T4 late transcription depends on concomitant DNA replication and a T4-encoded cr factor, gp55, which replaces the host's o -7o . In addition, two accessory proteins are required: gp33, and gp45, which also serves as the 'sliding clamp' of the T4 replisome [4] . Late transcripts encode mainly virion proteins.
The substitution of the host's o-70 by T4-encoded o-gp55 and accessory proteins leads to cessation of pre-replicative transcription, which, as mentioned before, also generates primers for leading strand synthesis at origins. Therefore, other priming mechanisms become essential. As outlined in Fig. 1 , the different initiation modes of "1"4 DNA replication, used at different stages of its development, are in large part a response to these changing transcription patterns.
The first round of T4 DNA replication is initiated from one of several origins (labeled A-G in Fig. 2 ).
Each individual parental wild-type chromosome uses only one of the several potential origins [19] . (For reasons of simplicity, only one origin is indicated in Fig. If. ) Except for promoter motifs, no obvious sequence similarities are apparent among the different origins. However, we describe here a common structural pattern that has emerged from comparing three origins: a sequence near the 5' start of each origin transcript is complementary to sequences in the transcription termination regions, where DNA polymerase is recruited and a replisome assembles (Fig. 3A) .
In wild-type T4 initiation is mostly bidirectional. In primase-or topoisomerase-deficient mutants, initiation from oriA or oriF is unidirectional. Because individual T4 chromosomes are circularly permuted, the origins are located at variable distances from the ends.
Each of the four sequenced origin regions contains at least one early or middle promoter that qualifies as a primer promoter and is required for origin activity. Three origins (A, F and G) require a functional motA gene whose product, as mentioned above, activates middle promoters [20] ; primers for origin E are apparently initiated from one or more early promoters (our results discussed below). The transition from pre-replicative (early or middle) to late transcription also leads to inactivation of origin initiation of DNA replication [15] , either by default (because the origin promoters are no longer recognized by the RNA polymerase) or because a late protein actively inhibits origin activity, or for both reasons.
Subsequent initiations are primed from recombinational intermediates (Fig. lg, i ) that are formed when partially unreplicated 3' termini of replicative intermediates invade homologous regions of another chromosome or in the terminal redundancy at the other end of the same chromosome. There are at least two ways in which such recombinational intermediates can prime DNA synthesis [15, 16] . An early mode can start as soon as a first replication fork, initiat:,.i at an origin, has reached a chromosomal end ( Fig. lg; [19] ). In this pathway, from the invading 3' end, the invaded chromosome can be copied by a process that we have called join-copy recombination [15] . This process can be re-iterated whenever a replication fork reaches a chromosomal end or break, generating a complex network of vegetative T4 DNA. The branches have to be cut (resolved) by endonuclease VII and the nicks have to be sealed by ligase prior to packaging [21] .
An additional late recombination-dependent pathway (Fig. li, k ) also relies on homologous pairing, i.e. the invasion of a single-stranded region into a homologous duplex. In contrast to join-copy recombination/replication, this pathway requires T4 endonuclease VII to initiate DNA synthesis. From the 3' ends of endo VII cuts in the invaded chromosome, DNA synthesis can be initiated to copy large singlestranded regions when they exist in the invading DNA strands (Fig. lk) . This pathway, which we have called 'join-cut-copy recombination', can bypass T4 primase or topoisomerase deficiencies that cause defective synthesis of Okazaki pieces, and interfere with priming from invading 3' ends in the join-copy pathway [16] . Transcript-primed leading strand DNA synthesis at origins explains why the first initiation in primase-or topoisomerase-deficient mutants occurs at the same time as in wild-type T4 [16, 17] . The dependence of recombination-dependent replication in these mutants on the late protein endo VII explains why bypass DNA replication is delayed compared with wild-type T4. We surmise that this late initiation mode can be used by wild-type T4, albeit to a lesser extent, when primase or the associated helicase [4] are limiting, e.g. late after infection.
Alternatively, and probably competitively, single-stranded regions, left uncopied at that time, are recognized by the gpl7 subunit of the T4 terminase to initiate packaging ( Fig. 11; [22] ). T4 has no sequence-specific packaging sites. Instead, the "1"4 terminase cuts and initiates packaging of the concatemeric DNA, presumably at junctions of singlestranded and double-stranded DNA [12, 22] .
A multitude of origin initiation sites
The T4 replication origins have been mainly charaeterized by hybridizing to cold Southern blots of restriction fragments from genomic digests or from corresponding cloned fragments, in vivo labeled nascent T4 DNA, isolated early after infection. Such nascent DNA hybridizes preferentially to origin-containing fragments. Electron microscopy support the hybridization results ( [23] [24] [25] [26] [27] [28] [29] ; Bittner and Morris unpublished, quoted in Ref. [20] ). However, because of the limited origin use during infection, preferential labeling of origins is restricted to a very small time window unless mutations in certain genes or inhibitors prevent the progressive modifications of the RNA polymerase. Kreuzer and his co-workers have used an alternative approach to characterizing T4 origins [20] . They have cloned T4 DNA segments that confer the potential for autonomous replication to the vector plasmids. These cloned segments partially correspond to two of the several T4 origins (oriF and oriG; see Fig. 2 ). Below we discuss the similarities, as well as important differences, of requirements for functioning of these origins in the context of the T4 genome or in the context of plasmid sequences.
Origin initiation in the context of the entire genome requires transcription [15] , and several lines of evidence indicated that RNA polymerase synthesizes primers for leading strand synthesis at these origins 116,24]. Initially, it was reported that the cloned T4 origins are insensitive to the RNA polymerase inhibitor rifampicin and that priming occurs by a novel mechanism. More recent results from the same group indicate that transcription is also required for plasmid-borne origins [20, 30] . However, the sequence requirements in the phage or in the plasmid are different.
We have now characterized the 5' ends of the nascent DNA strands (i.e. the transition points from RNA primers to nascent DNA) in nucleic acids, synthesized in rive early after infection. Our results show unambiguously that RNA transcripts prime DNA synthesis, that there are several RNA-DNA transition points in each of the origins, that most, if not all, transition points correspond to transcription termination sites and that little or no processing of the transcripts is required. However, certain nucleic acid folding patterns appear to be important for transcripts to become primers for leading strand DNA synthesis at T4 origins.
OriF
First we describe examples of primer formation in the oriF region (Figs. 2, 4 
and 5).
This origin was initially characterized (among other origins) by preferential hybridization of nascent DNA to cloned T4 DNA encompassing the region from gene 25 through gene 29 [23] and to the partially overlapping XbaI-12 fragment (encompassing genes uvsW through 26) on Southern blots of XbaI digests of total genomic T4 DNA [24] . Taken together, these results implied that oriF is located near the DNA recombination-repair gene uvsY ( Fig.  4 ; [20] ). As shown in the lower portion of Fig. 4 , nascent DNA from T4-infected E. coil hybridized preferentially to short cloned restriction fragments within the oriF region; most preferred was the fragment containing uvsW, both in wild type 3"4 (data not shown) and in topoisomerase mutants in which DNA replication is initiated mostly unidirectionally [12, 31] . Initiation from oriF is inhibited by rifampicin or in T4 motA mutants [30, 37] , indicating that transcription from the middle promoter upstream of uusY is necessary. The transcription pattern of the oriF region is complex ( Fig. 4; [32] ). The DNA recombination-repair gene uvsY and two open reading frames (ORF uvsW.1 and ORF uvsW.2) downstream of it, can be co-transcribed from a T4 middle promoter PM-In addition, these three genes are also part of a larger late transcription unit that includes the late base plate genes 25 and 26. Moreover, ORF uvsW.1 can also be transcribed from its own late promoter [32] . All these transcripts can terminate at a factor-independent terminator T, which probably also terminates late uvsW transcripts coming from the opposite direction [33, 34] . There is additional weak, probably factor-dependent, termination that was predicted [35] and found [36] inside ORF uvsW.2 [32] .
To determine what is unique about the priming potential of the motA-dependent middle transcripts, we mapped the 5' ends of the nascent DNA (i.e. the transition points from RNA primers to DNA) in the suspected oriF RNA-DNA co-polymers (Fig. 3B) . We isolated early replicating T4 DNA from bacteria infected with either wild-type or mutant 17.4 phage under conditions that eliminated or degraded most of the free RNA [19] . If necessary (as determined in preliminary tests), residual free RNA was digested with RNase A. The nucleic acids, containing DNA, putative RNA-DNA co-polymers and RNA-DNA hybrids were then denatured, annealed to short endlabeled synthetic oligonucleotides corresponding to different sequences within oriF, and repeatedly ex- [32] . Promoters (P), terminators (T or t) and transcripts are iadicatec; above the solid line; genes are indicated below that line. The two deletions, MGA1 and MGA2, are delineated by triangles. Note that transcripts initiated from the middle promoter PM serve as mRNA for uvsY and as primers for oriFo Nascent DNA, labeled in vivo, hybridizes most strongly to a DNA segment corresponding to uvsW, as predicted by our model and consistent with the RNA-DNA junctions shown in Fig. 5 . Note also, that the multiple RNA-DNA transition sites of unidirectional leading strand synthesis predict a pattern of DNA synthesis that is frequently interpreted as resulting from bidirectional initiation. The hybridization data were normalized to the sizes of the DNA fragments on the Southern blots to which nascent, 32p-labeled DNA was hybridized. The ordinate represents an arbitrary scale solely to indicate the relative hybridization to the different fragments that are here aligned with the map [37] .
acrylamide gels and aligned with products of sequencing reactions obtained with the same primers and Taq polymerase on homologous cloned T4 DNA (Fig. 3B and Fig. 5) .
In preliminary experiments, we found unexpectedly that Taq DNA polymerase can efficiently copy RaNA templates when, and only when, it gets a jump start on DNA covalently linked to the RNA (e.g., in the postulated RNA-DNA co-polymers, Fig. 3B ). Of several RNases tested, only RNase H digested the RNA segments of the suspected co-polymers in our nascent DNA preparations. These results suggested that some DNA strands were still attached to their RNA primers, which in turn were base-paired to their DNA templates. Therefore, we performed all subsequent primer extensions with and without prior RNase H treatments. Seven major 5' DNA ends were detected by this method near the terminator T (Fig. 5, arrows) . Previous $1 mapping of the 3' RNA ends of the uosY transcripts had shown that there are several closely spaced 3' RNA ends in this terminator, but they were not mapped io the nucleotide [37] .
At least three additional 5' DNA ends downstream of the weaker terminator t were detected by similar Taq polymerase-catalysed extensions from a different oligonucleotide. In contrast, no 5' DNA ends were detectable with primers closer to the middle promoter (data not shown).
Taken together, these results show that there are several RNA-DNA transition points, some more than 1000 nucleotides downstream of the required middle promoter; they implicate transcription termination sites as transition sites and they strongly suggest that little or no processing is required for such transcripts to serve as primers for DNA replication. We emphasize that most of the middle transcripts serve as mRNA for gp uvsY and the two proteins encoded by ORFs uvsW.1 and uvsW.2; only a few of them become primers for DNA synthesis.
Why are the middle (motA-dependent) transcripts used and the late transcripts, which terminate at the same terminators [32] , not used as primers?
The T4 oriF region contains many palindromic or direct repeat sequences that would allow transient alternative folding of the corresponding transcripts, when they are not being translated. Remarkably, an untranslated leader sequence near the 5' start of the middle transcript (we call it the wedge sequence) is complementary to the 3' end terminated at the palindrome T (Fig. 5 ) and also to a region near t where we have found the three additional RNA-DNA junctions just mentioned (not shown). These complementarries suggested to us that this sequence plays an important role in origin initiation and led to the model depicted in Fig. 3 . We propose that a wedge sequence near the 5' end of the RNA hybridizes with the complementary DNA strand in the termination region, as shown in Fig. 3c and d, and that it plays a structural role (like a wedge) in facilitating priming by the 3' end of the transcript (see Discussion). We consider it unlikely that base-pairing between the 5' and 3' termini of the transcripts would facilitate their use as primers, because RNA-RNA base-pairing would extrude the potential primer from the DNA. We speculate that the transcripts initiated at the late promoters shown in Fig. 4 do not serve as primers because in the late transcripts initiated upstream of gene 26, the wedge sequence is engaged in alternative base-pairings with sequences that are missing in the uvsY transcripts. In addition, the late transcripts may be unable to tether the wedge sequence to the RNA polymerase (see Fig. 3 ). Obviously, the late transcripts initiated upstream of uvsW.1 lack the wedge sequence. Deletion analyses support the importance of the wedge sequence near the 5' end of the transcript and also show that neither uvsY expression nor the precise distance between the wedge and termination sequences are important for oriF function. We analysed DNA replication in two viable deletion mutants (MGA1 and MGA2; [32] ) in which the middle promoter upstream of uvsY is operative, but uvsY is deleted (Fig. 4) . In both deletion mutants the middle transcripts as well as the overlapping late transcripts are synthesized, but they are shortened to a different extent consistent with the length of the deleted DNA [32] . Deletion MGA1 in which the wedge sequence is missing eliminates initiation from oriF, without interfering with initiation from oriA or oriE, whereas deletion MGA2, which retains the wedge sequence, leaves oriF functioning [37] . Primer extensions with Taq DNA polymerase confirmed that there were no 5' DNA ends in oriF in MGA1 nascent DNA (Fig. 5) . As expected from our earlier results [16] , experiments with a primase-deficient (gene 61) mutant revealed little or no effect on oriF initiation ( Fig. 5; data not shown) . The DNA of the primase mutants has the same 5' ends as wild-type T4. Two of these 5' ends (labeled 1 and 2 in Fig. 5 ) appeared to be less intense than in wild-type T4. Possible reasons for these slight differences are being investigated.
5o OriA Multiple DNA initiation sites, transcription patterns and primer formation in the oriA and oriE regions arc variations on the theme just described.
G. Mosig et aL / FEMS Microbiology Reviews 17 f1995) 83-98
The oriA region (Fig. 6) contains many promoters and terminators [38, 39] . Multiple overlapping and interdigitated transcripts initiated from these promoters encode several pre-replicative proteins: a dAdenine methylase (gp dam), a dCTPase (gp56), a protein (gp69) that resembles a family of related nucleases [40] , and the late small outer capsid protein (gp see) [38] . An RNA-DNA co-polymer has been mapped to this region [24] .
We had anticipated that the primer RNA was initiated from one of three weak promoters that were closest to the position of the RNA-DNA junction in the co-polymer. However, critical tests of this postulate showed that initiation of DNA replication from oriA depends on motA, and that the three weak promoters can be deleted in the deletion mutant A69-1 indicated in Fig. 6 , without losing oriA function. Similar analyses with the deletion mutant A69-2 showed that gp69 is dispensable [39] .
Primer extension analyses on nascent early T4 DNA like those described for oriF confirmed that there is a major 5' DNA end within seven nu- cleotides of the positions previously deduced from S1 protection experiments [38] . The same 5' DNA end is found in the primase-defieient (gene 61) mutant. As in oriF, base pairing is predicted of a promoter-proximal wedge segment of the transcript with the non-transcribed DlqA strand near the RNA-DNA transition region. Several additional RNA-DNA junctions, marked in Fig. 6 , are found further downstream, near palindromes where transcription can terminate [38] . Again, as in oriF, only a few of the transcripts become primers for DNA synthesis; the vast majority serve as tuRN^s, and because of the presence of other origins, oriA is dispensable under laboratory conditions.
OriE
DNA replication from oriE is initiated in motA mutants [37, 39] . Transcription in the oriE region is even more complex and unconventional than in the other origins (Fig. 7) . The oriE region is transcribed early from early promoters (Fig. 7) [41, 60] . These early transcripts contain two ORFs of yet unknown function. Late transcripts initiated from late promoters in the opposite direction (Fig. 7) encode, among others, the base plate lysozyme (gp5) [41] . The early promoters, which lack consensus mot^ boxes, are the only promoters in the oriE region that qualify as primer promoters. In contrast to the other T4 origin regions, there are six copies of a repeat sequence (iterons) upstream of one of the putative primer promoters (Fig. 713) . The T4 iterons can be occupied in a hierarchical order by a T4-induced binding protein, which we tentatively call DbpC [42] . The gene(s) that encode it are not yet known. DbpC binds strongest to iterons one and six (Fig. 7) , and methylation of the marked G residues interferes with binding. When the iteron one-sequence was changed by changing the third bases of gene 5 codons, i.e. without altering the amino acid sequence of gene 5, binding of the protein to the complete set of iterons was greatly reduced, but not completely eliminated [42] .
As in the other origins, primer extensions on nascent DNA with Taq DNA polymerase revealed multiple RNA-DNA transition sites. None of these were close to the iterons. The strongest ones were again approximately 1000 nucleotides away, at or near a hairpin marked in Fig. 7A . Again, a putative wedge sequence from a promoter-proximal segment of the transcript is predicted to fold back and basepair in this region. When the mutations in iteron one (which had been constructed in a cloned DNA segment) were crossed back into the phage genome, and the nascent DNA from the mutant was analysed, several RNA-DNA junctions in the transcription termination region were specifically reduced, whereas overall transcription appeared unaffected (data not shown). These mutations did not affect initiation from oriF (Fig. 6 ). Again, a primase mutation had little or no effect on the frequencies of the 5' DNA ends in oriE.
In replication origins of other replicons, wrapping of DNA around proteins assembled at the iterons opens adjacent regions and allows access of hellcases [1, 43] that unwind the DNA and allow priming by primase. If the T4 iterons serve a similar purpose, our result~ suggest that helicascs can also facilitate priming by long transcripts at large distances from the loading sites, by tracking or looping or both.
Conclusions

Z 1. In praise of redundancy
The redundancy and diversity of pathways by which phage T4 initiates DNA replication are remarkable. We have discussed the arguments that these pathways serve the phage well to integrate DNA replication with changing patterns of transcription, recombination and packaging during the life cycle (Fig. 1) .
There are several plausible arguments why both origin-dependent and recombination-dependent initiation mechanisms are not only important, but are necessary for productive phage infection.
Origin initiation can start within double-stranded DNA molecules by using RNA-polymerase-generated transcripts as primers. The additional requirement of some phage-encoded proteins for origin initiation, i.e. the transcriptional activator MotA protein for origins A, F and G or the DbpC (DNA binding protein) at oriE, may coordinate origin activation with the accumulation of newly synthesized T4 replisome proteins. The requirement for T4 DNA replication enzymes, in turn, may be related to the extensive modification of "1"4 DNA, which contains glucosylated hydroxymethyt cytosine instead of cytosine to escape host restriction systems [18] .
Replication of linear chromosomes initiated at internal origins would lead to successive shortening and loss of information from the ends [44] . Moreover, in vivo, the T4 packaging mechanism requires DNA in a so-called concatemeric state. Recombination would be necessary to generate concatemers. The conversion of recombinational intermediates to replication forks makes concatemer formation more efficient, in addition to providing an alternative mechanism for priming DNA synthesis after primer promoters cease to function.
Recombination-deficient mutants that arrest DNA replication prematurely may initiate somewhat more frequently from origins than wild-type T4, because T4 DNA polymerase is limiting early on and it is autoregulated. In wild-type infections, the recombination intermediates probably compete with the origin RNA primers, by attracting the limiting DNA replication proteins.
Origin initiation is a prerequisite for recombination-dependent initiation of DNA replication, because it generates recombinogenic single-stranded termini (see Fig. 1 ) and single-strand interruptions in the lagging strand. Recombination can occur in the absence of prior replication, but in this case it starts much later than when replication is allowed [12, 19] . Initiation from the origins can continue, if modifications of the host RNA polymerase are prevented by mutations or by inhibitors of gene expression. However, this replication is of no use to the phage because the DNA cannot be packaged. Thus, there is strong evolutionary pressure for maintaining origin initiation and recombination-dependent replication.
The existence of more than one recombination-dependent initiation mechanism is perhaps more difficult to rationalize, but we propose a plausible explanation: the T4 primosome components gp61 (primase) and gp41 (helicase) are two of the less abundant early '1"4 proteins [29] . If these proteins become limiting late after infection, large gaps between Okazaki pieces may result. These singlestranded gaps may serve to attract the packaging protein gplT, or, alternatively, they may pair with homologous regions. When endonuclease VII cuts the recombinational junctions there is competition among ligase, packaging, and replication proteins for the 3' DNA ends. Moreover, not all ends can serve as primers for DNA synthesis [16] . In this view, the endonuclease VII-dependent replication of the primase-deficient gene 61 mutants [16] is only an extreme ease of a mechanism that can operate under more normal conditions and that can sense whether sufficient amounts of DNA have been synthesized to justify packaging. This aspect may provide evolutionary pressure to maintain a second recombinationdependent initiation mechanism.
A comparison of all results from several laboratories shows a multitude of origins. It also suggests that the origins are multipartite and that certain parts are exchangeable to limited extent (see oriF).
We can only speculate about reasons for the redundancy of T4 origins and ibr the multiple RNA-DNA transition points within each of the origin regions. We have postulated elsewhere [12] that the multiple origins are remnants of the evolutionary history of T4. This phage was probably assembled from several replicons. The different sequences of T4 origins may allow them to function optimally under different conditions or, perhaps, in different hosts. In support of this hypothesis, oriE is preferred over the other T4 origins when host gyrase [45] or the host transcription termination factor Rho [29] is defective.
Our results suggest that chances for T4 origin transcripts to serve as primers for DNA synthesis are very low. (Only one origin functions in most infecting chromosomes, and re-initiations are rare.) In our model we postulate that origin initiation requires (i) transcription termination; (it) base-pairing of a wedge RNA segment with a DNA strand in the RNA-DNA transition region; (iii) precise availability, in time and space, of DNA polymerase; and (iv) putative protein(s) that may need to stabilize structure such as those depicted in Fig. 3 . Perhaps the probability for all of these events to occur together is so low that many potential junction sites within each of several origin regions must be maintained. Almost certainly, the base-pairing of the wedge RNA with the DNA strand near the priming site must compete with RNA-RNA base-pairing that would expel the RNA from the DNA and inactivate its priming potential.
Multiple and redundant pathways to initiate DNA replication exist in other organisms. We mention only a few examples. Phage T1 appears to require an origin-dependent and a recombination-dependent pathway for the same reason as T4 [46] . Phage lambda can use different origin initiation pathways [47] . E. coli uses different origins and several pathways under different growth conditions. Some of these pathways require the recombination protein RecA, a relative of T4's UvsX protein mentioned above [48] . Chloroplast DNA replication of the alga Chlarnydomonas reinhardtii is initiated by different pathways from different regions, depending on whether gyrase is active or inhibiled by drugs [49] . At this time, understanding of the requirements for and the interrelationships of different pathways is more advanced in phage T4 than in other systems, but we will not be surprised if yet different mechanisms are to be discovered also in T4.
Z2. Functional aspects of secondary nucleic acid structures
We have proposed that promoter-proximal RHA segments in primer transcripts play important roles in origin initiation, specifically, that they serve a structural role near the RNA-DNA junctions. By base-pairing with the non-transcribed DNA strand, they can act like a wedge that facilitates access of helicases or assembly of replisomes or both. We consider the possibility that they are also involved in transcription termination. The comp!ementariaj of these sequences would facilitate RNA-RNA basepairing between different complementary regions of the transcripts. However, for reasons discussed earlier, we consider it likely that RNA-RNA base-pairing prevents use of these transcripts as primers. In fact, the infrequent use of potential origin transcripts as primers may in part reflect the strong competition of RNA-RNA pairing with the DNA-RNA pairing required for priming. It is possible that such competitions are modulated by certain proteins. Intrastrand RNA-RNA pairing of 5' and 3' terminal regions of transcripts has been found or predicted in other regions, e.g. in the T4 tRNA region [50] . It is not known whether it can serve as an origin. We do not know how the complementary regions find each other. We speculate that tethering of the transcribing RNA polymerase to initial binding sites for transcription termination factors [51] or anti-termination complexes [52] might play some role.
In any case, we believe that the importance of the promoter-proximal wedge RNA segments is one of the major reasons that non-origin T4 transcripts usually do not prime DNA synthesis. We mentioned above that the cloned segment of oriF, called "oriuosr', investigated by Ka'euzer's group m the context of a plasmid, behaves slightly differently from the complete oriF. The minimal origin coJatains the promoter-proximal wedge sequence, but lac~s the RNA-DNA junction sites in oriF that we have described here. Sequence gazing suggests that the vector contains a corresponding complementary sequence. It will be interesting to see whether this sequence can function as a surrogate RNA.-DNA junction sequence. Based on past experiences, other initiation pathways may remain to be discovered in T4.
In two other systems that use transcripts to generate primers for leading strand DNA synthesis, i.e. in ColE1 plasmids and mitochondrial DNA, the transcripts need to be processed to serve as primers [6] [7] [8] [9] . In those cases, in contrast to the T4 origins, the primer transcripts are not translated, and alternative intramolecular or intermolecular base-pairings of certain RNA segments have been implicated in processing and its regulation. There is no evider~ce that in "1"4 processing by RNase H is required prior to origin initiation. To the contrary, T4 RNase H (rnh = das; [53] ) mutations partially suppress the DNAarrest phenotype of recombination-deficient Tel mutants. One possible interpretation is that they prolong the life of origin primers [54] . Of course, some RNase H activity would be necessary prior to generating uninterrupted double-stranded DNA.
Regulatory roles of short RNA segments, related to their potential for forming specific alternative secondary or tertiary structures, are gaining i~ncreas-ing recognition. They have been known for some time to regulate transcription attenuation in E. coli and its relatives [52] . More recently, a role of uncharged tRNA was described in .qtabilig~ng ~pecific RNA anti-termination structures in B. subtili~ [55] . The RNA-mediated transcriptional regulation of phages P1 and P4, discussed in this issue [56, 57, 63, 64] , are particularly striking examl~les of structural roles of complementary RNA segments interacting in alternative pairings to regulate l~hysio-logical processes. The function of wedge RIqA in initiation of phage T4 DNA replication is a novel variation on this theme.
